Abstract: Use of microwave resonator-based sensors is a relatively new approach for the detection of biological reagents. Sensing mechanism is based on the tracking of the resonant frequency on electromagnetic resonator. Resonant frequency depends on structure geometry and material but is also affected by secondary changes in environment. Addition of a reference resonator to suppress these effects is proposed in this work. Identical sensor structures designed at 2 GHz, fabricated using low-cost processes are used in experiments to demonstrate the use of a resonator pair for sensing of glucose in solutions, yielding a sensitivity of 34.72 MHz/ (mg/mL).
Introduction
There has been a recent interest in microwave resonators and their applications in sensing. These frequency selective structures are usually realized as dielectric and metallic loop geometries. Geometry of the structure, as well as its material give rise to an equivalent electrical network of resistances, capacitances, and inductances [1, 2] . This network exhibits a resonant characteristic at a certain resonant frequency determined by the resistances, capacitances, and inductances associated with the geometry and the materials.
Sensing is done by the observation of the said resonant frequency of the resonator. Any change in the physical shape, material composition, or environmental factors such as temperature fluctuations foreign reagent inclusion alter the components of the frequency selective network and in turn affects the resonant frequency itself. Physical sensors rely on the change of geometry, whereas the chemical sensing and interface detection is possible thanks to the change of electrical permittivity of the medium [3, 4] . For a biosensor application, biospecificity is possible with the functionalization of the resonator surface with a biospecific agent. In this scenario, any biochemical binding or reaction changes the electrical permittivity of the medium to enable sensing [5] .
Microwave resonator biosensing technology is still at its premature stage with certain advantages deeming it promising. Fabrication has significant cost effect advantages since it can be done using low-cost printed circuit board fabrication methods on a planar surface. The structure concept is compatible with photolithography driven microfabrication and therefore is potentially scalable and easy to integrate with standard CMOS technologies.
A prominent challenge that the application of microwave resonators in biosensing currently face is the need to increase measurement precision. Since the resonant frequency depends on the physical characteristics of the medium, it is affected by the random changes in the environment such as temperature fluctuations and physical invasion. Random shifts caused by these effects constitute a background noise and drift, decreasing measurement precision. In this work, we proposed a method to suppress these effects by incorporating a second resonator as a reference and compare the resonant characteristic of the measuring resonator with respect that reference. The idea is that external effects described above would cause similar shifts in both of the resonators and thus can be rejected by comparison.
Materials and Methods
Resonance of a pair of resonators can be tracked in a variety of ways, each having their own advantages and disadvantages. As a reference geometry, it is possible to use one identical to or different from the measuring one. Resonant characteristics of the pair can be measured simultaneously or in multiplexed fashion. The highest improvement in precision will be obtained with the simultaneous measurement of identical structure geometries since only identical structures would be affected by external effects in the exact same fashion. Thus, simultaneous measurement approach is implemented here to ensure a better cancellation of background noise despite the fact that it increases complexity.
Single split ring resonators (SRR) are used in the course of the measurements. Structures are designed in CST Microwave Studio environment at a resonant frequency of 2 GHz. Device structure and dimensions are shown in Figure 1 along with simulated behavior. Two identical structures are fabricated on a 30 mm × 30 mm × 1.6 mm FR4 substrate using a low-cost printed circuit board fabrication process. To contain the measurand samples, plexiglass rectangular channels were lasercut and fixed on the structures. It can be challenging to perform simultaneous measurements of a pair or SRRs while not doubling the entire measurement setup, which increases cost and complexity significantly. One way to overcome the challenge is to excite the SRRs using a trio of microstrip monopole antennas as shown in Figure 2 . In this approach, the transmitted power, fed by the port 1 of the vector network analyzer (VNA-Rohde & Schwarz ZVB4), is split in two via a splitter (Mini Circuits ZFSC-2-372-S+). The split signal components of transmission port have the same amplitudes and phases in accordance with the splitter operation. The split transmission is fed to two antenna strips placed on the two sides of the setup and collected by the one in the middle, which is connected to the port 2 of the VNA. Resonant frequency characteristics can be tracked with the observation of transmission spectra in VNA in term of s21 parameters. In this way, the SRR pair can symmetrically and simultaneously load the overall transmission process. A ground plane of conducting material is also present for correct operation of monopole antennas. Disadvantages of this approach are the insertion loss contribution of the splitter and the quality factor reduction of SRRs due to split transmission operation. 
Results
Transmission spectra of the fabricated SRR pair were measured before and after the addition of channel structures. Measured and simulated s21 parameters for this structure are shown in Figure 3 . Minima in the transmission spectra correspond to the resonant frequency. In simulation environment that includes monopole antennas, the design yields a resonant frequency at 1.982 GHz, which is close to the measured resonant frequencies of the SRRs are at 1.99 GHz and 1.97 GHz. Inclusion of the channel reduces the resonant frequencies to 1.93 GHz and 1.92 GHz due to an increased electrical permittivity above the SRRs, which increases capacitive components. Double measurements were first done with DI water samples were used as a dielectric load. Here, the reference SRR was not loaded while the measuring SRR was loaded in different volumes. The results shown in Figure 3 indicate that it is possible to successfully resolve two different resonant frequencies with this approach, the lower one associated with the measuring SRR, while the higher one associated with the reference SRR. Increasing the volume of the load dielectric increases the amount of shift as expected since the effective permittivity is increasing. Data also show the disadvantage associated with this approach in terms of a reduction in quality factors due to parallel operation when resonant frequencies of SRRs are separated as a result of the dielectric loading. Lastly, glucose solutions within a concentration range of 1.0-3.0 mg/mL were applied to measuring SRR, while the reference resonator was kept empty. Changes in resonant frequencies of the reference and measuring SRR and their difference are shown in Figure 4 . Data confirm that the shift in measuring SRR is proportional to the glucose concentration levels, whereas the shift in the reference SRR is random and less sensitive to glucose concentration shifts. A linear fit (R 2 = 0.905) to absolute difference between the resonant frequencies at each concentration level implies a sensitivity to glucose concentration of 34.72 MHz/(mg/mL). 
Discussion
Microwave resonator based sensing is promising thanks to its many advantages, but is yet to mature fully before it overcomes certain challenges. Prominent among these is the measurement noise caused by the interference of external effects. In this work, a method to suppress background noise ocurring in microwave resonator based sensing operations is proposed. The main idea is to compare the resonant frequency of the measuring resonator to that of a reference resonator.
It is possible to handle the approach in multiple methods. The suggested approach provides thorough noise suppression since it is a perfectly symmetrical setup offering simultaneous read out for both of the resonators. Successful operation was demonstrated in the work with random fluctuation observed in reference resonator and the absolute difference between two resonant frequencies follow a linear trend with respect to the applied glucose concentration. Other read out methods can be devised for reduction of complexity traded for a higher measurement precision and sensor reliability.
